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Abstract 
Today, the advanced age and less children society is growing up rapidly. The care and welfare equipment to support a nursing care and a 
self-reliance of the senior and the disabled are actively researched and developed by many researchers.  However, the power assisted 
device required many degrees of freedom. The total weight of the wearable devices using fluid control devices increases so that the 
number of actuator and control valves increases according to the degree of freedom. Therefore, in our previous study, we developed a 
small and light-weight quasi-servo valve to reduce the burden of the user.  In this paper, we proposed and tested a quasi-servo valve by 
using the small, light-weight and low-cost on/off valves driven by the pulse width modulation method. The valve consists of two on/off 
valves and a microcomputer.  Both valves are connected in serial.  One valve is used as a switching valve to exhaust or supply, and 
another is used as a PWM control valve that can adjust the valve opening.  And we confirmed that the output flow rate of the tested valve 
could be adjusted in analog way.  We also proposed the precise analytical model of the tested valve.  By comparing the experimental 
result with the calculated results using the proposed model and the identified parameters, we confirmed that the model of the valve was 
valid.  In the next step, a pressure control type quasi-servo valve is proposed and tested.  The tested valve consists of the quasi-servo valve, 
a pressure transducer and an inexpensive tiny micro-computer. As a result, by using the tested valve and P control method with the 
compensation for the supplied and exhausted flow rates, the pressure control performance of the tested valve could be improved. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
Humanoid Robots and Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA. 
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Nomenclature 
A     sectional area (m2)    P     absolute pressure (Pa) 
Cv   damping coefficient of the armature ( s/mN  )  Q     mass flow rate (kg/s) 
e     input voltage of the solenoid coil (V)  R     gas constant (J/kg/K) 
i     current of the solenoid coil (A)   Rv    electrical resistance of the solenoid coil (ȍ) 
Kv   spring constant (N/m)    T      absolute temperature (K) 
L     inductance of the solenoid coil (H)  V     volume (m3) 
M    mass of the armature (kg)   x     displacement of the armature (m) 
1. Introduction 
Today, the advanced age and less children society is growing up rapidly. The care and welfare equipment to support a 
nursing care and a self-reliance of the senior and the disabled are actively researched and developed by many   
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researchers[1-6]. Here and are only separated by headings, subheadings, images and formulae. The section headings are 
arranged by numbers, bold and 10 pt. Here follows further instructions for authors.  These equipments should be easy to use 
for a nursing care, and should be user-friendly for people who are looked after, so the human-friendly device is strongly 
desired. In a wearable system, there are many power assisted devices using wearable actuators such as a flexible pneumatic 
actuator[1][2], pneumatic artificial muscle[3] and the pneumatic rubber hand[5] using a soft gripper[6].  However, the power 
assisted device and other wearable devices requires many degrees of freedom. The total weight load of the wearable devices 
increases so that the number of actuator and control valves increases according to the degree of freedom. Furthermore, the 
wearable control devices are required the precise control performance.  Therefore, the output flow rate and output pressure 
of the valve needs to be controlled in analog way. The electro-pneumatic servo valve is popular and widely used.  However, 
in the servo valve, the armature driven by the solenoid coil becomes larger, heavier and more complex to adjust the analog 
output flow rate.  The mass of the typical servo valve on the market is at least more than 900g.  The micro servo valve 
produced by MOOG is very compact and light-weight with a mass of 92g [7].  The valve also is very expensive. If an analog 
control device such a servo valve is possible to be developed by the use of an on/off control valve, the small-sized and light-
weight regulating system can be realized with a lower cost, and the weight on board for the human user can be reduced.  
Therefore, we aim to develop a small and light-weight quasi-servo valve using small-sized on/off valves to decrease the 
burden of the user.   
In our previous study[8], we proposed and tested a quasi-servo valve by using the small-sized, light-weight and 
inexpensive on/off control valves driven by the pulse width modulation method. By using the PWM control valve, the valve 
can adjust output flow rate from the valve in analog way.   We also proposed the precise analytical model of the small-sized 
on/off valve in order to obtain the optimal period of the PWM valve.  
In the next step, to control the McKibben artificial muscle that has a closed chamber volume, an inexpensive pressure 
control type quasi-servo valve using a low-cost embedded controller and a pressure transducer is proposed and tested.  In 
addition, to improve the pressure control performance of the valve, P control method with the compensation for the supplied 
and exhausted flow rates is proposed and embedded into the low-cost controller. By this compensation, the linearization of 
the valve characteristics can be realized in addition to the improvement of the pressure control performance.  
2. Small-sized Quasi Servo Valve 
2.1. Construction 
Figure1 shows the schematic diagram of the proposed and tested quasi-servo valve. The quasi-servo valve consists of 
two on/off type control valves (Koganei Co. Ltd., G010HE-1) whose both output ports are connected each other.  One valve 
is used as a switching valve to exhaust or supply, and another is used as a PWM control valve that can adjust output flow 
rate like a variable fluid resistance.  The valve connected with the actuator is a two-port valve without exhaust port. The 
other is a three-port valve that can change the direction of fluid flow from the supply port to the output port or the fluid flow 
from the output port to the exhaust port. The two-port valve is driven by pulse width modulation method in order to adjust 
the valve opening per time.  So, it will become a quasi variable orifice. The size of the on/off valve is 33×19.6×10mm, and 
the mass is 15.3g. The maximum supply pressure of the on/off valve is 500kPa, and the maximum output flow rate is 38 
liter/min.  The total mass of the tested valve including the controller is very light, that is 91g. 
                                            
Fig. 1. Schematic diagram of a flexible displacement sensor                     Fig. 2. Inner construction of three port on/off valve 
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2.2. Analytical model of three-port on/off valve 
In order to make use of the PWM control valve as the variable orifice, the optimal conditions such as a PWM period and 
an input range of the duty ratio in operation are required.  It needs a huge time to investigate these optimal parameters by the 
experimental method using the real tested valve.  However, in order to use the theoretical analysis, it required the model of 
the valve with a higher accuracy because of the critical operation of the on/off valve (PWM valve) such as repeatable 
operation in short period.  Therefore, we proposed a precise analytical model of the on/off valve. Figure2 shows inner 
construction of the three-port type on/off valve that have been used in this study.  The valve consists of a solenoid, an 
armature with a spring.  Figure3 shows the analytical model of the three-port type on/off valve.  The model of the electric 
circuit of the solenoid is used as an electric coil and resistance. The armature has a mechanical system to control the fluid 
flow so that the supply ports and exhaust ports can’t be opened at the same time. There is an overlap that the valve cannot 
open and close at the point of a certain displacement (= xmin) of the armature.  The displacement of the armature also has the 
maximum limit (= xmax) of a moving area. The analytical model of the on/off valve is described as follows.  The generated 
electromagnetic force Fe is given by 
iKF ce  
                                                                                                  
(1) 





                                                                                               
(2) 
where Rv, e and L are the electrical resistance, an input voltage of the solenoid coil and an inductance of the coil,  






                                                                                   
(3) 
where M, Cv and Kv are a mass of the armature, damping coefficient and a spring constant, respectively. The sectional area 
of the valve will change based on the displacement of the armature x.  As the sectional area of the supply port As and the 
area of exhaust port Aa start to change at the point of a certain displacement xmin (= 0.27mm) of the armature, both sectional 
area As and Aa are given by Eq. (4-1) and  Eq.(4-2).  The sectional area must be chosen as the narrowest area of the flow 
field. Therefore, in the case if the cylindrical sectional area of the valve seat (orifice) is smaller than the sectional area of the 
orifice that is maximum value Aa0 or As0, the effective sectional area is changed as the linear function of the displacement x. 
0 sA ,  )(4 min0 xxAA aa  S  (0̰x˘x min)
                                                                
(4-1) 
)(4 min0 xxAA ss  S , 0 aA (xmin̰x̰xmax)
                                                               
(4-2) 
From the theory of the nozzle flapper, the maximum value of the sectional area Aa and As become Aa0 and As0, respectively.   
The mass flow rate of supply orifice Qs and the exhaust orifice Qa are given as follows. 
)(2 zf
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(6) 
Where R and T mean a gas constant and an absolute temperature, respectively.   The function f(z) that expresses the state of 
flow is given as follows.  
 

























                                                           
(7-2) 
Where ț means a specific heat ratio (=1.4).  The output flow rate of the valve that is the flow rate from the output port in the 
valve is given by 
aso QQQ  
                                                                                         
(8) 
We can predict the output flow rate of the on/off valve by solving the Eqs. (1)-(8). 
 
Table 1. Identified system parameters    
      
Fig. 3. Analytical model of three-port on/off valve        
2.3. Calculated result for quasi-servo valve 
In order to estimate the performance of the valve theoretically, the system parameters of the on/off valve were identified.  
As the method of identification, the parameters that could not be measured directly will be identified so as to agree the 
calculated value with the experimental value by using the on/off valve. The inductance L was calculated from the outer 
diameter and the number of the turns of the coil.  The resistance RV, the mass of the armature M and the spring constant of 
the coil spring Kv were measured directly by using the disassembled parts of the valve. The sectional area of the supply port 
and the exhaust port were determined by using the value in the product catalogue. In the calculation, the atmospheric 
pressure Pa of 101.3 kPa, the room temperature T of 298 K, the gas constant of 287 J/kg/K and the specific heat ratio ț of 
1.4 were used. Table 1 shows the identified system parameter using the method mentioned above.  Then, the conversion 
factor from the current to the force Kc and the damping coefficient Cv were identified so as to agree the calculated results 
with the experimental result. In addition, the values of the displacement xmin and xmax were adjusted from the measured value 
so as to agree with experimental results. 
Figure4 shows the analytical model of the quasi-servo valve connected with a chamber volume.  This model includes a 
model of the two-port valve and the three-port valve mentioned above.   Both valves are connected each other through a 
constant chamber volume Vm.  In the model of the quasi-servo valve, the three-port valve is used as the model of the 
switching valve, the two-port valve is for the PWM valve.  If the pressure change in the connected chamber volume Vm is 
assumed as an adiabatic change, the following equations about the relation between the pressure Po and the output flow rate 
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(9) 
Laso QQQQ  
                                                                
(10) 
Where Qs is the supply flow rate of the switching valve and it is given by Eq.(5) .  Qa is the exhaust flow rate of the 
switching valve from the connected chamber to the load chamber and it is given by Eq.(6) . As the value of the flow rate QL 
becomes positive or negative (that is a back flow), the flow rate QL is given as following equations: 
)(2 zf
RT
PAQ opL  
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     (Po ˘PL)
                                                         
(12) 
Where the sectional area Ap is given as the value calculated by Eq.(4). Then, as the volume change of the chamber VL 
according to the pressure change is little from the condition that the initial pressure (about 100 kPaG) is applied and we 








                                                                                     
(13) 
From the equation from (1) to (13), we can predict the dynamic and static characteristics of the proposed quasi-servo valve. 
In order to estimate the accuracy of the proposed model in faster repeatable operation, the calculated results and the 
experimental results of the output flow rate of the quasi-servo valve during the PWM operation are compared.  Fig.5 shows 
the relation between the duty ratio and the mean output flow rate in the chamber.  In the experiment, the switching valve is 
always open and the input duty ratio of the PWM valve is changed.  The output flow rate is measured by the digital flow 
meter (SMC Co. Ltd., PF2A710-01-27: measuring range: 1 to 10 lit/min). The chamber with volume Vm of 11.6 cm3 is 
connected to the valve. The supply pressure is 50 kPa.  The periods of 5, 7.5 and 10 ms are selected as the PWM period by 
considering the dynamics of the on/off valve with the time delay of 3 ms.  In Fig.5, each colored symbol shows the 
experimental result using various PWM period.  Each colored line shows the calculated results using the proposed model 
and the identified parameters.  From Fig.5, it can be seen that the calculated results using the proposed model agree well 
with the experimental results.  The theoretical result can predict the nonlinear characteristics of the tested valve such as the 
dead zoon of output flow rate in lower duty ratio and the saturation in higher duty ratio.  In addition, the model can predict 
the overall relation between the input duty ratio and the output flow rate of the valve.  From the result, we can conclude that 
the calculated results using the proposed model and the identified parameters are valuable and reliable to estimate the 
performance of the valve. 
        
Fig. 4. Analytical model of the quasi-servo valve                              Fig. 5. Relation between duty ratio and output flow rate 
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3. Pressure Control Type Quasi-Servo Valve 
3.1. Construction 
Figure6 shows the pressure control system using the tested quasi-servo valve.  The system consists of the quasi-servo 
valve, a pressure transducer (Matsushita Electronics Co. Ltd., ADP5160) and an inexpensive embedded controller (Renesas 
Co. Ltd. R8C12M) whose price is 1.25 US dollars. The pressure control is done as follows.  First, the embedded controller 
gets the sensor output voltage and the reference voltage through an inner 10 bit A/D Converter.  In the embedded controller, 
the difference from the reference voltage is calculated based on following simple P control scheme. 
5.47 cpeKu
                                                                            
(14) 
u<0 Suction valve: off,  Exhaust valve: on 
u=0    Suction valve: on,     Exhaust valve: off          (15) 
u>0   Suction valve: off,  Exhaust valve: off 
             
Where Kp(=131[%/V]) , ec and u mean the proportional gain, the error from the reference pressure and input duty ratio for 
the PWM control valve, respectively.  The control parameter such as gains is adjusted so as to decrease the tracking error 
from reference pressure.   Using the lower duty ratio(less than 47.5%) as a control input to PWM valve, there is a dead zone 
for output flow rate of the valve.  Therefore, the input duty ratio of the PWM valve is always added 47.5% to the absolute 
value of the calculated result using Eq.(14). In addition, the state of switching valve is decided by the positive or negative 
value of the input u calculated by Eq.(14) as shown in Eq.(15). As this control method is embedded into the micro-computer, 
we can use the tested valve like a typical servo valve without complex operations.   
 
 
Fig. 6. Schematic diagram of pressure control system              Fig. 7. Transient response of the output pressure using P controller 
 
Figure7 shows the transient response of the output pressure in the tracking control for periodical reference pressure using 
the quasi-servo valve and the proposed control method mentioned above.  In the experiment, the periodical reference 
pressure with the amplitude of 100 kPa, the offset of 150 kPa and a period of 1 second was applied.  The valve is connected 
to the chamber whose volume is 30 cc. In Fig.7, the red line shows the reference pressure and the blue line shows the 
measured output pressure of the tested valve.  From Fig.7, we can find that the pressure error for lower reference pressure is 
remarkably appeared.  It is caused by the decrease of the flow rate according to the differential pressure in lower pressure 
even if same differential pressure exists between the upper and lower stream.  If the pressure Po becomes Ps or Pa 
immediately using switching valve, the supply flow rate calculated by Eq.(11) is (Ps/Po) times as large as the exhaust flow 
rate given by Eq.(12) in the case that both flows are choked flow.   
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3.2. P control scheme with compensation for linearization of the operated flow rate 
In order to improve the pressure control performance of the tested valve, the compensation method for decreasing flow 
rate that depends on natural phenomenon.  Therefore, we propose a new compensation method for this phenomenon.  The 
method is as follows.  From Eq.(11) and (12), the supply and exhaust flow rate at the output pressure PL are calculated.  We 
assume that the pressure Po changes to Ps or Pa immediately because the chamber volume Vo is very small.  There is a 
difference between the supply and exhaust flow rate at the point of the pressure PL.  By using the same flow rate per 
pressure error, the pressure control system will be a linearized system, and the pressure control performance will be 
improved.  As a compensation method, we propose the following method that the input duty ratio is controlled according to 
the pressure PL.  
5.47
)(
)( max  
zf





















                                                              
(17) 
Where us and ue mean the input duty ratio for supply and exhaust, respectively.  f(z)max means the maximum value of f(z) 
when the flow is sonic flow which is f(z)max=0.484. 
 
 
Fig.8 Calculated results of output pressure from the valve using proposed model 
 
Figure8 shows the calculated result using the model of the quasi-servo valve and the identified system parameters 
mentioned above.  The calculated result can be obtained by using Matlab Simulink with Runge-Kutte methods.  The model 
of the embedded controller includes a 10 bit A/D converter and PWM port with PWM period of 5 ms.  In the simulation, the 
same proportional gain Kp(=131[%/V])  as experimental result in Fig.7 was used.  The sampling period of calculation is 0.01 
ms and the sampling period of control is 3.2 ms. In Fig.8, the broken line, blue and red lines show the reference pressure, 
the output pressure using typical P controller and the result using the proposed controller given by Eqs.(16) and (17), 
respectively.  From Fig.8, it can be seen that the tracking pressure control performance using the proposed method can be 
improved compared with the result using typical P controller.  From this theoretical result, we think that the proposed 
compensation method is useful as the pressure control method for the quasi-servo valve. 
Figures9 (a) and (b) show the transient response of the output pressure from the tested valve using P controller with 
compensation mentioned above. Figure9 (a) shows the result in the case that the input duty ratio for only exhaust is changed 
(Ps/PL) times as large as a typical input duty ratio calculated by Eq.(14).  Figure9 (b) shows the results using the proposed 
controller calculated by Eq.(16) and Eq.(17). In the experiment, the ratio f(z)max/f(z) in Eqs.(16) and (17) is given by three 
liner functions as an approximate function in order to decrease the calculation time for a tiny embedded controller.  
Compared with the previous results as shown in Fig.7, it can be seen that the tracking error of output pressure can be 
reduced.  In addition, by using the proposed method, the error at the higher pressure as shown in Fig.9(b) can be more 
improved than the case as shown in Fig.9(a).  
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 (a)  P controller with compensation for exhaust                (b)  P controller with compensation for supply and exhaust. 
   Fig.9 Transinet response of output pressure from the tested valve 
4. Conclusions 
We aim to develop the low-cost pressure control type quasi-servo valve that can be used as a control device for wearable 
actuator. This study is summarized as follows. 
The low-cost pressure control type quasi-servo valve that consists of two inexpensive on/off control valves, a pressure 
sensor transducer and a tiny embedded controller was proposed and tested.  To confirm the performance of the tested valve, 
the tracking pressure control for periodical reference pressure was executed.  As a result, the pressure control can be realized 
by using an inexpensive embedded controller whose price is 1.25 US dollars. 
In order to improve the control performance of the tested valve, P control scheme with the compensation for decreasing 
the flow rate according to the output pressure was proposed.  In addition, the compensation value is calculated using the 
theoretical model of the valve.  As a result, the control performance using the proposed control scheme was improved. 
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